Calibration of the on-orbit gain changes of the narrow bandwidth reflective solar bands (RSB) of Terra and Aqua MODIS is usually based on the band center wavelength. The relative spectral response (RSR) of each band is assumed to be constant on orbit and the time dependence of an overall gain factor is calculated. Any on-orbit changes to the RSR of the MODIS bands will introduce some error into the calibration and may also have an impact on the Earth scene radiance retrieval. We consider two different ways to track how the RSR of the MODIS RSB may be changing on orbit, and the effect that these changes will have on the calibration. First, we examine in-band RSR measurements from the spectro-radiometric calibration assembly (SRCA) carried on-board both MODIS instruments. Second, we study the broadband degradation of the MODIS scan mirror and how it may be changing the effective out-of-band response of the RSB. We find that RSR changes have a small effect on the radiance calibrated using the on-board solar diffuser, generally less than 0.5% in all cases at any time in the missions, with bands 1, 8, and 9 impacted the most.
INTRODUCTION
The MODIS instruments on board the Terra and Aqua spacecraft have 20 reflective solar bands (RSB) with wavelengths spanning 412 nm to 2130 nm and bandwidths varying from 10 nm to 50 nm. 1, 2 The gains of the MODIS RSB are tracked on orbit using a combination of data from an on-board solar diffuser (SD), regular lunar observations, and pseudo-invariant desert targets. 3, 4 To accurately relate the digital response of the MODIS bands to the observed scene radiance or reflectance, the full spectral response of the instrument as a function of wavelength needs to be considered. The spectral response of both MODIS instruments, including both the in-band (IB) and out-of-band (OOB) components, was measured extensively prior to launch. 5 Currently, the MODIS Characterization Support Team (MCST) calibrates the on-orbit changes in the RSB gains based on the wavelength-integrated response of each band, i.e. the relative spectral response (RSR) is assumed to be unchanged on-orbit so that the time-dependence of the spectral response of each band can be represented by a simple multiplicative factor that is independent of wavelength. This approach has worked very well due to the relatively narrow bandwidth of the MODIS bands.
However, any changes to the RSR of the bands on-orbit will introduce some error into the calibration and may also have an impact on the Earth scene radiance retrieval. We consider two different ways to track how the RSR of the MODIS RSB may be changing on orbit, and the effect that these changes will have on the calibration. First, we examine measurements from the spectro-radiometric calibration assembly (SRCA) carried on-board both MODIS instruments. The SRCA is a unique calibrator that was designed to track the radiometric and spectral performance of the MODIS RSB on orbit, as well as the spatial performance of all MODIS bands (RSB and thermal emissive bands). The SRCA has provided direct measurements of the IB RSR of most RSB multiple times per year since launch. [6] [7] [8] [9] Second, we consider how the broadband degradation of the MODIS scan mirror may be changing the effective OOB response of the RSB. Since launch, the gains of the RSB have experienced changes, most strongly in the blue wavelengths, primarily due to the optical degradation of the unshielded scan mirror. The wavelength and time dependent optical degradation alters the effective RSR of each of the bands. The magnitude of the effect of this modulated RSR depends on the magnitude and wavelength of the primary OOB components relative to the central band peak. This type of time-dependent modulated RSR is included in the calibration of VIIRS, 10 a follow-on instrument to MODIS that has a very similar design, and has also recently been considered for calibration of the ocean color bands of Aqua MODIS.
The paper is organized as follows. In section 2, we review the pre-launch measured in-band and out-of-band RSR for the MODIS RSB and consider how the pre-launch RSR affects the SD-based calibration. In Section 3, we present IB RSR measurements from the SRCA spectral calibrations, and calculate the effect of the on-orbit RSR changes on the calibrated reflectance and radiance of each band. In Section 4, we review the degradation of the RSB determined using our current calibration methodology and attempt to separate the optical degradation of the scan mirror from other instrument effects. We then calculate the modulated RSR and the impact on the calibrated radiance. Throughout the paper, we focus on the impact of time-dependent RSR on the SD-based calibration. In Section 5, we summarize the results and provide a brief discussion on the implications for calibration based on lunar and desert sites, and for Earth scene radiance retrieval. We focus primarily on results for the VIS/NIR bands in this paper. The OOB RSR for the SWIR bands (HgCdTe detectors) and the VIS/NIR bands (Si detectors) generally do not overlap, so on-orbit changes in the VIS/NIR wavelength range will not impact the SWIR bands, and vice versa. Also, the SWIR bands have had known issues since launch with large OOB response in the mid-IR wavelength range as well as electronic crosstalk effects 12 which complicate any on-orbit RSR analysis. 
PRE-LAUNCH RSR

Pre-launch RSR measurements
Both the in-band and out-of-band spectral responses of the MODIS detectors were measured during pre-launch testing. 5 The MODIS OOB response was characterized using broadband filters and a double monochromater to scan the OOB spectral response of each detector. Figure 1 shows the Aqua MODIS prelaunch RSR (in-band and OOB combined) for some example VIS/NIR bands. The magnitude of the OOB RSR at wavelengths away from the band central wavelength is largest for Aqua MODIS band 8 (412 nm), where it exceeds 1% around 500 nm. For all other bands of both instruments, the peak OOB RSR is less than 0.4%.
The pre-launch measured in-band RSR has been used in the MODIS Level 1B (L1B) radiance product since the beginning of the MODIS missions, where the in-band response is defined as the response around the band center wavelength above 1% of the peak response. The primary products of the MODIS RSB are the top-of-atmosphere reflectance and radiance, defined as
where * is the digital response of each EV pixel corrected for background and instrument temperature variations, is the Earth-Sun distance in astronomical units, 1 is a calibration coefficient and is the response versus scan angle of the instrument at the angle of the EV pixel. The ̅̅̅̅̅̅ term is the integral of the solar spectrum over the RSR of each MODIS detector,
In the L1B products, only the in-band RSR is used in calculating ̅̅̅̅̅̅ for the L1B radiance. The RSR (and ̅̅̅̅̅̅ ) is considered to be constant in time and has not been updated on orbit. Throughout the rest of this paper, we use the full pre-launch IB/OOB RSR in all calculations, and in Sections 3 and 4 we will allow the RSR and thus the ̅̅̅̅̅̅ term to vary in time. As a result, the value of ̅̅̅̅̅̅ and thus the absolute radiance values calculated will be slightly different from the official L1B values even at = 0. The relative difference between ̅̅̅̅̅̅ calculated with only IB RSR compared to the merged IB/OOB RSR is less than 0.25% for all RSB with the exceptions of Terra band 13 (0.6%), Terra band 14 (0.7%), Aqua band 8 (0.7%), and Aqua band 15 (0.4%).
Effect of pre-launch RSR on SD calibration
We first consider the effect of including the pre-launch RSR in the calculation of the SD calibration. The pre-launch IB RSR was used in calculating the pre-launch band-averaged values of the SD bi-directional reflectance factor for each band, but the RSR (pre-launch or on-orbit change) is not currently used in the MCST algorithm for calculating on-orbit changes to the reflectance calibration coefficient 1 . Even though in this section we consider the RSR to be constant in time, there will still be a time-dependent effect on the SD calibration, due to the changing reflectance (i.e. degradation) of the SD on orbit.
Consider that the retrieved radiance for a given MODIS band is actually the scene radiance integrated over the RSR of the instrument, such that Eq. 2 can be written
The reflectance calibration coefficient is defined from the solar diffuser calibration as
where is the bi-directional reflectance of the solar diffuser measured pre-launch, Γ is the vignetting function of the solar diffuser screen, Δ is the on-orbit degradation of the SD reflectance, * is the background and temperature corrected digital response of the SD sector, and is the angle between the solar vector and the SD surface. In Eqs. 4-6, we use to denote the terms that are band-dependent and to make the distinction between band dependence and wavelength dependence. Of course, several of the terms also depend on detector, sub-frame, and scan mirror side, which we exclude from the equations for clarity.
Using Eq. 4, we can re-define the calibration coefficient for SD calibration including RSR by considering the scene to be the radiance of the SD, such that
The wavelength dependence of is very small, so for simplicity we take this term outside the integral and use the band-average ( ). In the case where there is no wavelength-dependent degradation of the SD reflectance (i.e. Δ does not depend on ), then Eq. 6 reduces to the usual Eq. 5. However, the SD reflectance degradation does depend on wavelength, and this causes the calibrated gain calculated with Eq. 6 to diverge from the usual calibrated gain calculated with Eq. 5. We calculate these two quantities over the course of the mission for both Terra and Aqua. The ratio of the results is presented in Fig. 2 . The SD degradation that we use is determined from a time-series fitting of the results from SDSM measurements, which have been extensively described in previous work. 13 For Aqua MODIS, band 8 shows the largest difference of about 0.5%, whereas all other bands are about 0.1% or less. It is not surprising that the impact is largest for band 8 (412 nm) as the SD degradation is greatest at the lower wavelengths and band 8 has a relatively large OOB RSR. For Terra MODIS, band 8 also sees the largest on-orbit effect of about 0.6%, and the rest of the VISNIR bands in general show a larger effect of the RSR compared to Aqua MODIS. Terra MODIS is more significantly affected mostly because the on-orbit degradation of the SD has been more significant. 13 These results show the changes that would result from including the pre-launch RSR with no on-orbit updates in the calculation of the calibrated reflectance from the SD calibration. The calibrated radiance would also change if we were to use the full IB/OOB pre-launch RSR: The new radiance would have a time-dependent difference with the official radiance that follows the time-dependence of 1 and it would be offset by a constant amount determined by the different in ̅̅̅̅̅̅ calculated with IB/OOB vs only IB RSR.
The time-dependence shown in Fig. 2 results from the fact that the radiance of the calibration scene (the SD) is changing in time. There is no analogous effect for calibration done with the Moon or pseudo-invariant desert targets. In the Collection 6/6.1 (C6/6.1) L1B products for Terra bands 1-4, 8-10 and Aqua bands 1-4, 8-9, the long-term on-orbit gain changes are calculated using the Moon and desert targets, rather than the SD, though the SD is still used as the at-launch reference and for tracking short-term gain changes and detector differences. Considering this, the largest effect of excluding RSR in the current 1 calibration will be for the Terra NIR bands, which see up to 0.3% effect. 
ON-ORBIT CHANGES TO IN-BAND RSR
We next consider the time-dependent on-orbit changes in RSR that can be measured on-orbit using the on-board SRCA. Operated in spectral mode, the SRCA is designed to scan over most of the IB wavelength range of each of the MODIS bands and measure the relative spectral response of each detector. Detailed descriptions of the SRCA spectral operation and algorithm have been presented before, 7 as well as results from on-orbit calibrations. 8, 9 The SRCA spectral mode has been operated multiple times per year over the course of both Aqua and Terra MODIS missions, providing a significant amount of data to track RSR changes. Figure 3 shows examples of the IB RSR change as measured by the SRCA at select times in the mission for select bands of Aqua and Terra MODIS. The measurements shown are averaged over all detectors within a band. For Aqua MODIS, all of the bands with acceptable data quality show no significant change in the shape of the in-band RSR with time. For Terra MODIS, several of the bands show significant on-orbit changes in the shape of the in-band RSR, including bands 1, 17, and 19 shown in Fig. 3 . Note that for both instruments we do not consider the SRCA spectral results of bands 2, 3, 8, or 9 in any of this analysis. The accuracy of the results for band 2 are questionable due to a change in measurement configuration from pre-launch to on-orbit. 6 The results for bands 3, 8, and 9 are reliable for early mission calibrations, but due to SRCA lamp failures and scan mirror degradation, the signal-to-noise ratio of the SRCA spectral results is too low to provide reliable results throughout the missions. On-orbit changes in the polarization sensitivity of the scan mirror may also be a complicating factor for bands 3, 8, and 9. To quantify the in-band RSR changes shown in Fig. 3 , we consider the effect of these RSR changes on the on-orbit trends of the calibrated reflectance and radiance. Since the SRCA only tracks the on-orbit changes in RSR over the inband part of the spectra, we merge the SRCA results with the pre-launch RSR measurements. We do this by simply replacing the pre-launch RSR measurement with the SRCA measurement over the valid SRCA measurement range for each SRCA spectral mode calibration, i.e.
By merging the in-band SRCA spectral results with the pre-launch OOB spectral results, we are making the implicit assumption that the maximum optical transmittance is unchanged relative to the magnitude of the OOB spectrum, which is not necessarily true. But the SRCA spectral mode is only designed to measure the relative spectral response, not absolute.
Using this time-dependent RSR from Eq. 7, we can calculate the 1 using Eq. 6. Comparing this to our calculation in the previous section of 1 using only the pre-launch RSR gives the effect of the time-dependent in-band RSR on the calibrated reflectance:
Similarly, we calculate the effect on the calibrated radiance. In this case, we consider the on-orbit change in the value of 1 ̅̅̅̅̅̅ due to the time-dependent in-band RSR:
For each SRCA spectral calibration, we calculate the ratios in Eq. 8 and Eq. 9. Since the SD degradation and the solar spectrum both change slowly over the wavelength ranges of the narrow MODIS bands, the changing in-band RSR has a minimal effect on either the reflectance or radiance. The results for the effect of in-band RSR changes on the calibrated radiance (Eq. 9) are shown for Terra MODIS in Fig. 4 . Band 1 sees the largest effect, up to 0.3%, due to its relatively large bandwidth and relatively large on-orbit RSR change. For Aqua MODIS, the on-orbit trends are less than for Terra and are less than 0.12% for all bands. The changes observed by the SRCA for Terra MODIS likely indicate changes to the narrow band filters located in front of the MODIS detectors. Degradation of the scan mirror and other optics is less likely to induce such sharp features. Large changes to the in-band transmission of these filters may very likely be correlated with large changes in the OOB transmission of these filters, which we have no way of tracking on orbit, adding significant uncertainty to attempts to characterize the on-orbit effects of the OOB RSR, which we discuss in Section 4. While the effect of the in-band RSR changes is found to be small for the reflectance and radiance calibration, the effect on the EV products will depend greatly on the spectral properties of the EV scene radiance.
ON-ORBIT CHANGES TO BROADBAND RSR
Aqua MODIS
We now examine the effect of changes in the broadband optical throughput of the MODIS instruments on the RSR of each band, and the impact on the calibration. Starting with Aqua MODIS, we consider how the calibrated gain of the instrument has changed on-orbit. Figure 5a shows the calibrated gain, = 1 ( = 0)/ 1 ( ), as a function of band center wavelength for Aqua MODIS at select times in the mission. The 1 values in Fig. 5a are from the official C6.1 L1B product. Clearly, Aqua has experienced significantly more degradation in the visible wavelength range compared to the NIR.
The MODIS scan mirror is the primary unshielded optic for MODIS and it is assumed that the majority of the instrument degradation is due to degradation of the scan mirror. This is further evidenced by a clear gain difference between the two sides of the scan mirror, and a clear gain dependence on the angle of incidence of the light on the scan mirror (the RVS). Under the assumption that the gain changes are dominated by changes to the scan mirror (and other optical elements that are in the portion of the optical path shared by all bands), then all bands will experience a broadband optical degradation. This broadband degradation can be applied to the pre-launch measured OOB RSR of each detector in order to provide an on-orbit update to the OOB RSR. But for this approach to work, we must first isolate the degradation of the scan mirror from that of other optical and electronic components that may experience on-orbit changes and contribute to the gain degradation seen in Fig. 5a . We can consider the total gain change to be composed of changes in electronic gain, , detector gain, , reflectance of the scan mirror and primary optics, , reflectance of dichroic elements and focusing optics specific to each focal plane assembly (FPA),
, and the transmittance of the narrow band filters, :
where we have specified the dependence of each term on the band (B), detector (D), sub-frame (S), and mirror side (M), and it is assumed that all quantities can change with time.
Fortunately, the MODIS instruments are equipped with the capability to monitor the changes in through on-orbit electronic calibrations (E-cals) that have been performed on a regular basis for both instruments since launch. During an E-cal, the MODIS detectors are detached and replaced by a voltage ramp that is applied during the time of space view sector data collection. The change in measured dn in response to the voltage ramp is used to calculate the electronic gain, and monitor changes in this gain on orbit. More details on the MODIS E-cals can be found in previous publications.
14 Figure 6 shows the for an example band over the course of the Aqua mission. For all Aqua and Terra MODIS bands, the is found to increase gradually over the mission. For each band, we fit the on-orbit electronic gain change (averaged over all detectors within a band) to a polynomial function of time to derive smooth trends. Figure 5b shows the electronic gain change as a function of band wavelength at select times in the mission. Generally, the VIS bands and the NIR bands tend to have similar changes in electronic gain, which is not surprising since each set of bands uses its own shared ADC. Considering only the average values over all detectors and sub-frames within a band, we can write the optical gain of the instrument as Figure 5c shows the calculated values of as a function of wavelength. If this optical gain change were due entirely to degradation of the scan mirror, our expectation is that this would be a smooth function of wavelength, without any sharp features in the spectrum. This is mostly true in Fig. 5c , but notably bands 1 and 2 have considerably higher gain and still see an increase in on orbit. As it is quite unlikely that the optical throughput of the instrument has increased at any wavelength on orbit, the on-orbit trends in the gains of bands 1 and 2 likely come from a systematic effect not yet identified.
The
in Fig. 5c still includes the integrated effects of the detector gain and filter transmittance, as well as the reflectivity of the optics. All of the VIS/NIR bands use Si detectors that likely degrade in a similar way. It is known that these detectors experience gain degradation under radiation exposure initially in the NIR wavelengths. The relatively stable on-orbit performance of the NIR bands (e.g. 17-19) for Aqua MODIS indicates that the Si detectors have not experienced any significant radiation damage on orbit, thus it is likely that is fairly stable on orbit for all VIS/NIR bands. The SRCA spectral results, which show no significant change in the in-band RSR of the Aqua MODIS bands, provide a good indication that the band filters have not experienced significant degradation.
It is likely that, with the exception of bands 1 and 2, the optical degradation shown in Fig. 5c is dominated by the degradation of the scan mirror and this wavelength-dependent degradation can be applied to the relative spectral response of all bands equally. We define the on-orbit modulated RSR to be
where is interpolated between bands to get a continuous function of wavelength.
Similar to our analysis in Section 3, we determine the effect of the changing on-orbit RSR on the calibrated reflectance and calibrated radiance (of the SD calibration). We calculate the ratio in Eq. 9 using the RSR from Eq. 12 and plot the results in Fig. 7 . The on-orbit impact is up to 0.4% for band 8, up to 0.1% for band 9, and negligible for all other bands. A similar analysis on OOB RSR impact was recently published for Aqua MODIS ocean color bands, 11 and we generally find agreement with those results.
Terra MODIS
Following the example of Aqua MODIS, we now present the results for Terra MODIS. Figure 8a shows the on-orbit gain change of the Terra VIS/NIR bands as a function of wavelength for select times during the mission. shows the on-orbit change in electronic gain, and Fig. 8c shows the on-orbit change in optical gain, following the same analysis as was done for Aqua.
Clearly, the on-orbit degradation of the Terra MODIS instrument as a function of wavelength carries significantly more features than Aqua MODIS. It is still likely that the degradation of the scan mirror is the primary cause of the drop in gain for Terra RSB on-orbit. But there are several features in Fig. 8c that must have a different explanation, for example the large difference in gain between bands that have a similar wavelength, such as bands 11 and 12, or bands 13 and 14. These sharp differences in gain are more likely to be explained by differences in degradation of the detectors or a drop in the transmittance of the narrow band filters. We calculate a modulated RSR and the effect on the calibrated radiance for Terra in the same way that we did for Aqua, and we find a similar result with band 8 and 9 showing the largest impact with a magnitude of up to 0.5%. But the irregularities in Fig. 8c place a great deal of uncertainty on the Terra results, and a better understanding of the source of these gain changes is needed to provide a confident analysis. 
CONCLUSION
We have shown the effect of on-orbit changes in the MODIS VIS/NIR band RSR considering both the in-band RSR changes and the modulated OOB RSR due to broadband instrument degradation. The effect of the RSR changes on the radiance calibrated using the on-board solar diffuser is found to be small, generally less than 0.5% in all cases at any time in the missions. The effect on reflectance is generally less than the effect on the radiance.
The results in this paper focused on the SD-based calibration and are relevant at the SD angle of incidence of the scan mirror. A similar analysis could be done for lunar-based calibration using lunar spectral models and the instrument gains at the lunar (space view) angle of incidence. Also, pseudo-invariant desert sites are used for calibration at various AOI for select MODIS RSB. A full analysis of the RSR effect on MODIS RSB calibration would involve repeating this analysis for lunar and desert calibration targets and deriving a scan-angle dependent effect. A preliminary analysis indicates that the effect of RSR on lunar-and desert-based calibration will be of the same general magnitude as we found for the SD.
Lastly it is important to note that a changing RSR can have a significant effect on Earth scene radiance retrieval even though the effect on the calibration is small. Earth scenes that have significant spectral features within the bandwidth of one of the MODIS bands could be significantly impacted by modest changes of the in-band RSR of these bands. The large in-band changes seen (Fig. 3) for the Terra water absorption bands 17 and 19 may be of particular interest.
